Spatially resolved measurements of droplet size and velocity are desirable to aid in matching fuel injectors to combustor flow fields and to support development of two-phase-flow modeling. Interferometric laser-based techniques have been available since the early 1970s. Successful application to practical sprays, however, has been hampered by numerous difficulties. In this paper, two interferometric techniques (visibility/intensity validation and phase/Doppler) are critically examined in characterizing the spray of an air-assist nozzle with Sauter mean diameter < 35 µm. The two techniques are compared to each other and evaluated against a Malvern diffraction unit. With the use of a rotating grating for frequency shifting, the interferometric techniques compare well with each other and to the diffi:action method. Due to its broadened size and velocity ranges, the phase/Doppler technique is more easily applied to the spray than is visibility/intensity validation. The consistency of the interferometric results raises questions with regard to the use of Malvern's most frequently applied distribution model.
I. Introduction
The importance of detailed measurements within a spray field has become increasingly apparent. Traditional methods of spray characterization such as. patternation, photography, and laser diffraction typically suffer from poor repeatability, are tedious to perform, or provide limited spatial resolution. Generally, they are inadequate for providing the detailed information requried by those investigating two-phase phenomena such as spray combustion. 1 Laser interferometry has been suggested as a means of filling the measurement void. 2 In its original form the method relies on measuring the light scattered in the forward direction from a droplet (or particle) crossing the laser interference pattern. The visibility (or fringe contrast) of the collected signal varies as a function of the size of the scatterer. The technique can be successfully applied in conditions of low particle number density. However, in most sprays of practical interest the number density of the dispersed phase is unacceptably high for application of this method.
In 1980 a fundamental change in the visibility method was introduced. 3 The modification called for an When off-axis collection of light refracted through nonopaque spheres. On the surface, the modification addressed two significant limitations of the original onaxis method. First, the detector could be used to control the size of the probe volume. Second, the offaxis collection circumvented the restriction imposed on the size range by the required beam stops of the forward scatter method. On a more fundamental level, other departures from the original technique emerged. First, since light is being transmitted by the droplet, the droplet cannot be opaque; the application of the sizing method becomes more narrowly directed. Second, the means of sizing is no longer based on a measure of the change in fringe contrast due to the presence· of a scatterer in the interference pattern of the probe volume. Instead, the interference pattern is projected by the droplet toward the detector. The variation of the spacing of those fringes over the face of the detector provides a measure of the droplet size. The spatial variation of fringe spacing in the detector plane results from the relative phase shift that occurs between rays of light traveling through the droplet along paths of different lengths. The phase shift is directly proportional to the droplet diameter. 3 Two instruments were introduced. The off-axis visibility instrument uses a single detector positioned 30° off the forward axis and out of the plane of intersection of the two transmitted beams. The spatial variation of projected fringe spacing over the detector face is integrated over the collection aperture. This integrated measurement of scattered intensity varies as the droplet moves, transmitting different sections of the probe volume. This signal of oscillating intensity can be separated into its high-frequency (ac) and low-frequency (de or pedestal) components. The ratio of these two components is the signal visbility and is analogous to the fringe contrast of the forward scatter interferometric instrument. Like its predecessor, the off-axis visibility is related to the droplet size through a Bessel function relationship. At a collection angle of 30° this limits the size range to rvlO:l. The range can be move by changing the optical setup.
Even with this improvement the technique suffers from nonuniform and random variations in the undisturbed interference pattern due to droplets interacting with the transmitted beams outside the probe volume.4·5 This, as well as other sources of error, prompted a further alteration to the original sizing method. A measurement of pedestal intensity (proportional to droplet diameter squared in the size range of interest) was incorporated as a check of the visibility measured size. 6 Visibility/intensity validation (V /IV) has been tested and compared to the Malvern diffraction-based technique. 7 Results indicated that V /IV can be successfully applied to a practical spray.
The second instrument,· phase/Doppler (PD), utilizes the same scattering information on which the offaxis visibility is based. It is processed, however, to measure directly the phase shift of light encoded in the spatial variation of the fringes projected to the detector by the droplet. This is accomplished by utilizing three detectors to view simultaneously different portions of the collection lens. The output from each detector looks like a standard Doppler burst with high visibility. Their outputs, however, are slightly displaced in time because each is focused to a separate portion of the collection lens face. A more detailed description of the technique is available in the literature. B Optically, the dynamic range of this method is 100:1. Detector gain limitations effectively restrict the range to 35:1, although this range can be positioned anywhere within the optically imposed limits.
In the work reported here, both techniques are applied to a water spray from an air-assist high-performance (low Sauter mean diameter) nozzle. A comparison of the performance of the techniques is presented. In addition, a diffraction-based droplet sizing instrument, the Malvern, is used to characterize the spray at identical operating conditions. A comparison of the interferometric systems to the diffraction system is made.
II. Experiment

A. Spray Facility
Tests were performed in a cold spray characterization facility. The arrangement is very flexible and has ·been described in detail. 9 It consists of two major elements: fixed optics and a 2-degree of freedom nozzle fixture.
1. Optics. The pertinent optical paths used in this test are depicted in Fig. 1 Figure 1 shows the detector arrangements for tests that could be performed without a spray confining chamber. The visibility detector is positioned to one side of the optic axis, the phase/Doppler detector to the other side. This enables both systems to operate simultaneously and in their preferred orientation. When confinement is necessary, both detectors are alternately positioned in the visibility detector location to utilize the only off-axis optical port of the confining chamber. In these cases simultaneity of measurement is sacrificed. The optics are configured to give fringe spacings of 10.1 µm for all PD data, 7.5 and 14 µm for V /IV data. In all configurations, the beams are focused to a 100-µm diameter (to the 1/e 2 intensity point) at the probe volume. The V /IV detector is fitted with a 100-µm diam aperture. Phase/Doppler uses a 50-µm by 1-mm rectangular slot; the long axis is normal to the optical axis. With 2:1 magnification within the receiver, however, the slot is effectively 100 µm wide.
The Malvern measurements are made using a model ST2200 along an optic path 90° from that of the radial point measurements (see Fig. 1 ). Only line of sight measurements through the spray center are made. The diffraction data are processed using the RosinRammler (two-parameter) and model-independent (fifteen-parameter) algorithms. At the test condition, obscurations of 19-23% were typical at both axial stations reported.
2. Nozzle Fixture. The nozzle is a low-flow highperformance air-assist nozzle designed by Parker Hannifin. In making spray measurements, the nozzle is fitted to a 19-mm o.d. tube, plumbed with metered liquid and air circuits. This fixture sits vertically and concentric within a 34.3-cm inner diameter by a 152-cm long Plexiglas chamber. The annulus is supplied with metered air, and the chamber is evacuated at a rate to cause a slight suction across the open optical ports. Figure 2 illustrates schematically the spray chamber containing the nozzle fixture. For this test, the nozzle is operated with distilled water at a flow rate 
B. System Calibration
The interferometric optics are checked utilizing a monodisperse droplet generator, the Berglund Liu. This device operates on the Rayleigh instability phenomena inherent to a column of liquid. The liquid flow rate and disturbance wavelength of the column are precisely controlled, permitting a high degree of control over the size of droplets broken off of the liquid column. 10 Over a range of disturbance frequencies (corresponding to different droplet sizes) a stable stream of droplets of same diameter is produced and can be directed through the interferometric probe volume. This device is used to check the alignment of the optics and receiver parameters. Specifically, both techniques operate best when focused to the center of the probe volume. In addition, V /IV requires accurate setting of the gain to the photomultiplier tube (because of the intensity measurement); PD requires accurate specification of the spatial separation of the three regions of the receiver lens corresponding to the three detectors.
The Malvern diffraction instrument in principle does not require calibration. However, recent studies11 with Laser Electro-Optics reticles quantified a source of error in some model ST2200s and older units in which variations in the response of the focal plane detectors to incident light were not adequately handled in software. This resulted in errors in the measurement of calibration reticles. The unit used in this effort was checked with these reticles and found to perform acceptably.
Ill. Results
Two sets of results are reported. Simultaneous interferometric measurements of an unconfined spray at l"'oJ 15 mm from the spray center line and 50 mm off the nozzle face are presented. Then detailed characterization of the spray by all three instruments is discussed.
The interferometric instruments require corrections unique to their application. Furthermore, when comparing interferometric and diffraction data, adjustments to one or the other data set are required to make the comparison of the two types of data. In this paper, all corrections are made to the interferometric data. These are discussed.
First, the probe volume for the interferometric devices is formed by the intersection of two ::iser beams, each with a Gaussian energy profile. 'Fie resultant nonuniform probe volume energy distribution causes droplets of different diameters to be observable withi_!:. probe volumes of different sizes. The instrumemJ adjust the observed number of droplets of a given diameter to compensate for the probe volume differences. The V /IV technique relies on a theoretical description of the energy profile of the probe volume to generate the correction. The PD technique uses a proprietary real-time experimental-based correction. These corrections are applied to each run.
Second, the time required to collect the data at a given location in the spray varies with the droplet number density, size range, and velocity range; the spray field optical depth; and the memory capacity of the instrument. To compare data from one location to another, the number of droplets of each diameter are divided by the collection time of that run. Thus pointto-point comparisons are made on a frequency basis.
Third, if the instrument receiver gain changes appreciably in moving the probe volume' from one location to another within the spray, comparisons between such points must account for the change in probe volume size resulting from the gain adjustment. The V /IV detector gain varies automatically to compensate for signal attenuation. 9 During these tests, however, the variation of detector gain with probe volume radial position at a given axial location was insignificant. The PD instrument, however, uses the detector gain to optimize the position of its 35: 1 sizing window imposed by the electronics within the 100:1 optically imposed dynamic range. Therefore, the detector gain of the PD unit is routinely adjusted at each probe volume position to optimize the sizing window for that spray location. The PD collection software generates a parameter representing the probe volume depth for each run. The probe volume width is set by the collection slit, and any variation in probe volume height is taken into account in the probe volume correction. The depth parameter (normalized by some convenient constant) is used in a manner analogous to the collection time to adjust the number counts of each measured diameter to a level consistent with having an equal size probe volume for all those runs to be grouped together.
Fourth, the interferometric data are temporal, while the Malvern data are considered spatial, consistent with recent ASTM definitions. 12 The primary flow direction of the spray is along the nozzle axis. It is this velocity component that the interferometric devices are oriented to measure. To convert the temporal interferometric data to the equivalent spatial measurements, the probe volume corrected count frequency of each diameter is divided by the mean velocity associated with that droplet diameter for each run. 
(Note that each Malvern test point represents 1000 sweeps of the focal plane detector.) From the droplet size distribution, the Sauter mean diameter (SMD) and weight distribution of liquid can be computed. The equivalent information from the interferometric devices must be derived by making. a series of point measurements along the path of Malvern measurement. The following expressions are used to compute line-of-sight spatial SMD and liquid weight distribution from the interferometric point measurements. 
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N' = corrected number of drops with diameter d; V = mean velocity of drops with diameter d, mis; t = time of collection for data set j, s; i = index for drop diameters in each data set; j =index for the data sets being combined to form the composite.
A. Simultaneous Measurements
Measurements taken simultaneously with the two interference methods yielded similar results in both droplet size and velocity. Figures 3-5 are typical of the comparison. The size and velocity histograms of the two instruments have been replotted to the same scale. Both instruments observe similar spray characteristics. The profiles are not identical but overlap to a large degree. The dynamic range for droplet sizing with the PD unit is considerably broader than that of the V /iV technique, and the count frequency of the PD. unit is substantially larger than that of V /IV. This is primarily due to the large rejection rate of V /IV (typically 99 vs. 30% rejections for V /IV and PD, respectively).
In Fig. 3 , the size profiles have similar features.' However, the V /IV unit (dynamic range of 8-85 µm) · observes no droplets smaller than ·32 µm. The PD device (size range 4.3-150 µm) observes a substantial number of droplets between 4.3 and 32 µm. The velocity histogram (Fig. 4) suggests a resolution of the measurement difference. The V /IV velocity measurements are. sharply truncated at both the upper and lower ends of its range, indicating the velocity distribution of the observed drops is wider than the frequency band in use. The. droplet size and velocity are highly
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APPLIED OPTICS I Vol. 26, No. 11 I 1June1987 correlated at this 'location ( Fig. 5) . At ,:...,4 mis (the VI IV lower velocity limit) the droplet diam'eter is 32 µm. Thus V /IV was incapable of observing •droplets be-. tween 8 and 32 µm because of the lower. limit of its frequency band.
The size limitation of V /IV relative to PD is significant in this spray field. However, the apparent velocity range limitation of V /IV (i.e., Fig. 4) is somewhat "' .... misleading when the frequency shift is available. Shifting permits the use of broader higher-frequency band filters. For the spray conditions to be reported in the next section, neither instrument experienced a significant frequency dynamic range limitation.
B. Spray Characterization
The radial variation of the spatial SMD of the spray is depicted in Figs. 6 and 7 for axial positions of 30 and 50 mm, respectively. The correspondence between the two interferometric measurements is very good at both axial stations. Differences that surface are realistic in light of the relative limitations of the instruments. For the optical arrangements used, the lower sizing limits for PD and V /IV are 1.1 and 6 µm, respectively. The smaller droplets of the spray core are more easily seen by the PD unit. The large sizes, typical of the outer regions of the spray, are captured by PD with only an electronic change; V /IV requires an optic change to increase the fringe spacing to measure the droplets with diameters above 63 µm. . To cover the broad size range of the spray, V /IV requires the splicing of two or more data sets (of different size ranges). At 30 mm the outer two data points are each composites of two separate measurements; at 50 mm the outer three points are each composites of two or more data runs. In addition to being somewhat tedious, the required splicing of data sets introduceEI potential error in that the method of splicing data points is uncertain. In this test, data are spliced by examining an overlap window of 23 µm (from 40 to 63 µm). A ratio is determined for each overlap diameter. That ratio represents the probe-volume-corrected number count frequency of drops of a given diameter for the run with a size range of 6-63 µm divided by the probe-volume-corrected number count frequency for the same diameter measured with the larger sizing window (11-118 µm). The arithmetic mean of all such ·ratios for the overlap region is determined. This mean value is multiplied by the probe-volume-corrected number count frequency of drops in each size group larger than 63 µm for the 11-118-µm data set; these data are spliced to the 6-63-µm information at the same location in the spray. This effectively creates a sizing window of 6-118 µm for the V/IV technique when required. At 30 mm the spliced points present no apparent problem. The spatial SMD varies smoothly outward. At 50 mm, however, there appears to be a shift in the data as the spliced sets are encountered. The shift is toward larger sizes. Figures 8 and 9 depict the variation in droplet mean velocity with radial and axial position. Discrepancies between the instruments along the spray center line at 30 mm and near the spray edge at ·50 mm are significant. There are three potential reasons for the differ-ences. First, V /IV and PD may be observing different spray fields. The two measurements could not be performed simultaneously. Between the test series, the nozzle had to be disassembled and cleaned. It was not possible to be certain that on reassembly the nozzle components were in the same relative circumferential location. This nozzle is not fully axisymmetric. 9 The V /IV and PD measurements may be along different radii of the spray.
Second, the velocity measurements may be biased by a limitation in the processing electronics. The advertised frequency limits of the PD and V /IV units were 3.2 and 5 MHz, respectively. Considering the fringe spacings and shift frequencies used along the spray center, the velOcity limit of PD and V /IV should have been 32.2 and 28.1 m/s, respectively. The data indicate that the PD unit observed drops with velocity up to ,_,35 m/s. The V /IV unit generated velocity histograms with no evidence of velocities above its advertised limit. If the PD unit was exceeding its frequency limit, it should error by biasing the results toward low velocities. It does not. On the other hand, the spray is being ejected at velocities well in excess of the local ambient air velocity. Droplets at all locations are expected, in general, to decelerate as their axial distance from the nozzle increases. The V /IV measurement indicates the opposite (Figs. 8 and 9 ). Furthermore, the frequency response of both instruments has been checked. The PD unit behaves as expected. The V /IV instrument has a slight error at high frequencies. In che~king the processor with a signal generator, the measured frequency is up to 10% lower than the input frequency when using the high end of the highest frequency bandpass filter. This error results in slightly lower measured velocities. However, the 10% error is not sufficient to explain fully the measurement discrepancy along the spray center line.
Finally, the velocity measurements may be biased by a limitation in the sizing window of an instrument. This would be true at a location where the droplet size and velocity are highly correlated and in which the range of drop diameters exceeds the measurement range of the instrument. Although the V /IV unit has a significantly smaller sizing window than does PD, the size velocity correlation along the spray center line is small; the V /IV sizing limitation is not a factor at this location.
The discrepancy in the edge measurements at 50 mm is likely due to the circumferential variation in the spray field and the fact that nozzle orientation in this regard is not repeatable after a nozzle disassembly and cleaning operation. Measurement differences along the center line are not fully explained. However,·the V /IV measurements are suspect because the. center line. droplets appear to have accelerated in moving from 30 to 50 mm away from the nozzle, and a 10% processing error has been observed in the V /IV unit at high frequencies. OACJPLET 0 I AME TEA, m 1 crons Fig. 11 . Liquid weight distribution, 50 mm axial.
the point measurements are composites generated from Eq. (2). The Malvern curves are weight distributions generated from the far-field diffraction energy profiles using a two-parameter Rosin-Rammler (RR) and a fifteen-parameter model-independent (MI) algorithm. By Malvern standards, the fit of both models at both axial stations is acceptable. The distributions compare favorably to the point measurements; although the MI distributions seem to follow the interferometric generated forms more closely. The two Malvern distributions are used to generate spatial SMDs at each axial station. In Table I , these are compared to the SMDs generated from a series of equispaced point measurements of the interferometric instruments. Correspondence between the interferometric composite values and the Malvern MI values is very good. Agreement with the Malvern RR SMDs is poorer, particularly at 30 mm. Since the interf erometric values are generated from actual droplet counts and not based on a model of the distribution of liquid weight, as is the Malvern RR value, better agreement is expected between the MI value of SMD than with the RR value because of more degrees of freedom offered by MI. In previous work, 7 the appropriateness of the Rosin-Rammler mode for the spray from this nozzle was questioned. Results in this program support the contention that this model does not fit this spray acceptably.
IV. Conclusions
The comparison of the phase/Doppler and visibility/ intensity validation instruments indicates that both techniques yield very similar results in characterizing the spray of an air-assist i;iozzle. Also, both techniques yield measurements consistent with diffraction data. Specific conclusions of the test are as follows:
(1) PD and V /IV interferometric techniques can be successfully applied to a practical spray.
(2) The point techniques provide considerable information beyond that obtained with a diffraction unit. Droplet size and a single component of velocity can be obtained at precise locations within the spray.
(3) Point techniques can provide the ensemble-type measurements similar to the diffraction unit, although a series of point measurements are required along with suitable processing.
( 4) Frequency shifting fs an important feature of the point measurement systems. It enables most effective use of limited frequency bands (inherent in VI IV). Furthermore, it is essential in making comparisons to diffraction measurements. Flow regimes promoting significant droplet recirculation can be identified and avoided.
(5) The PD technique offers an advantage over the V /IV method in that it has a broader sizing capability, which generally precludes the need to splice data sets.
(6) The Rosin-Rammler treatment of diffraction data is not always appropriate. Point measurements may be used to determine the suitability of a distribution model for a particular spray.
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